Unlike most other secretory processes, neurotransmitter release at chemical synapses is extremely fast, tightly regulated, spatially restricted, and dynamically adjustable at the same time. In this review, we focus on recent discoveries of molecular and cell biological processes that determine how fusion competence of vesicles is achieved and controlled in order to suit the specific requirements of synaptic transmitter release with respect to speed and spatial selectivity.
Unlike most other secretory processes, neurotransmitter release at chemical synapses is extremely fast, tightly regulated, spatially restricted, and dynamically adjustable at the same time. In this review, we focus on recent discoveries of molecular and cell biological processes that determine how fusion competence of vesicles is achieved and controlled in order to suit the specific requirements of synaptic transmitter release with respect to speed and spatial selectivity.
Vesicular neurotransmitter release at neuronal synapses is in all probability the fastest, most tightly regulated, and most spatially accurate membrane fusion event to occur in mammalian cells. Excitation-secretion coupling, the transduction of an electrical stimulus into synaptic vesicle fusion with the plasma membrane, occurs in less than 1 ms (Borst and Sakmann, 1996; Sabatini and Regehr, 1996) . It is exquisitely dependent on the cytosolic Ca 2+ concentration (Schneggenburger and Neher, 2005) , regulated by multiple cellular signaling processes (Ghijsen and Leenders, 2005) , and spatially restricted to designated release sites called active zones . These features are particularly striking in view of the fact that soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) proteins, the main executors of fusion reactions in mammalian cells, are not specifically localized to synapses in the brain (Hagiwara et al., 2005) , and operate much more slowly and independently of Ca 2+ in vitro, at least when assayed in isolation (Weber et al., 1998) . Thus, synapses must contain a unique regulatory protein machinery that allows synaptic vesicle fusion to proceed with its unparalleled speed, accuracy, and adjustability.
Conceptually, the process of vesicle content release at the synaptic active zone can be divided into four stepsvesicle docking, vesicle priming, Ca 2+ triggering, and the vesicle fusion reaction itself. The docking step has been deduced from morphological data that showed that only a fraction of synaptic vesicles is in close contact with the plasma membrane. This led to the assumption that only vesicles in contact with the plasma membrane can be ready for immediate release. Priming of vesicles is a concept that has emerged from combined electrophysiological and morphological studies that showed that synapses could be functionally exhausted without causing an appreciable change in the number of membrane-proximal vesicles (Sudhof, 1995) . The term priming implies that additional steps are required after docking to render a vesicle fusion-competent. This is intuitively plausible because excitation-secretion coupling seems much too fast for extensive, multistep protein interactions to occur in its course. The Ca 2+ -triggering step involves sensing of the Ca 2+ signal and its transduction to the fusion machinery, which then executes the membrane merger Sudhof, 1995 Sudhof, , 2004 . A key feature of regulated, Ca 2+ -triggered vesicle exocytosis that allows fast excitation-secretion coupling at synapses is that vesicles arrest at the active zone in a release-ready state, in which the release machinery can be likened to a wound spring; it is prepared to respond to the Ca 2+ signal with immediate membrane fusion. At mammalian central synapses the delay between the Ca 2+ current and the rising phase of the postsynaptic response was found to be as short as 60 ms in cerebellar synapses (Sabatini and Regehr, 1996) , and delay times of 300 ms or less were reported for the giant terminals of the calyx of Held (Bollmann et al., 2000) . The release-ready pool of large dense core vesicles (LDCVs) of neuroendocrine cells such as adrenal chromaffin cells or pancreatic b cells is not confined to active zones but can be found docked at the plasma membrane of the entire cell (Olofsson et al., 2002; Parsons et al., 1995) . However, exocytic delay times appear to be only slightly longer in neuroendocrine cells than in neurons, with the initial burst of LDCV release in chromaffin cells occurring within 1-20 ms of an increase in the intracellular Ca 2+ concentration (Voets, 2000) . In addition to a quick response to the Ca 2+ trigger, the arrest of a defined number of vesicles in a release-ready state and the Ca 2+ -dependent replenishment of this pool is also a critical factor in achieving and controlling the high release rates reached by neurons and neuroendocrine cells. Peak release rates vary greatly with cell type and stimulation protocol, but if expressed as rate per vesicle, are in the submillisecond range for a fast synapse like the calyx of Held (Bollmann et al., 2000; Wadel et al., 2007) . The large calyx of Held synapses contain more than 500 active zones (Satzler et al., 2002) , and release rates of over 300 vesicles per ms have been reported (Schneggenburger and Neher, 2000) . The highly specialized ribbon synapses of retinal neurons and hair cells of the inner ear line up vesicles for release at rates of several thousand vesicles per s (Parsons and Sterling, 2003) . Single release sites of fast cerebellar connections may release up to 3 vesicles per ms (Sargent et al., 2005) . At other synapses, such as individual synaptic boutons of cultured hippocampal neurons, a single stimulus is likely to elicit the release of only one vesicle per synapse or none at all , but osmotic stimulation can elicit the fusion of a pool of 10,000 release-ready vesicles from the sum total of synapses (Pyott and Rosenmund, 2002) . The fastest component of LDCV release from adrenal chromaffin cells equals a release rate of 150 vesicles per s (Voets et al., 1999) , and insulin secreting b cells can be induced to release LDCVs at rates of 200-300 vesicles within 10 min, with peak release rates that are equivalent to 800 vesicles per s (Olofsson et al., 2002) .
In contrast to these neuronal and neuroendocrine examples of secretion, secretory processes in other systems are much slower. Release of surfactant in the lung, for example, which represents a special case of mixed constitutive and regulated Ca 2+ stimulated release that does not engage a pool of docked and release-ready vesicles, occurs in the range of 0 to 10 vesicles per cell within a few minutes of a rise in intracellular Ca 2+ (Dietl et al., 2001 ). The time course of constitutive, Ca 2+ -independent exocytosis, by definition, cannot be correlated with a trigger, but the number of constitutive fusion events in cultured fibroblast-like cells is in the range of a few hundred vesicles per hr (Schmoranzer et al., 2000) . Thus, although all of the release processes mentioned above are SNARE mediated, the extremely fast coupling between excitation and the sudden release of large numbers of vesicles achieved by neurons and neuroendocrine cells requires an especially tight control of how vesicles are readied for release. Within this review, we aim to cover recent discoveries that shed new light on how the necessary regulatory processes of docking, priming, and Ca 2+ triggering may occur. With respect to SNARE complex assembly and Ca 2+ triggering, we focus on the apparent interaction between the functions of Complexins and the Ca 2+ sensor Synaptotagmin 1, omitting additional tasks executed by other Synaptotagmins in the cell (Andrews and Chakrabarti, 2005) and the role of Synaptotagmin in endocytosis and control of vesicle size (Jorgensen et al., 1995; Loewen et al., 2006; Poskanzer et al., 2006) . Further, we discuss how the essential roles of Unc-18/Munc18-1 and Unc-13/Munc13 in neurotransmitter release may lie in facilitating SNARE complex formation in concert with, or, in the case of Unc-13/Munc13 and Tomosyn, in opposition to, other regulatory proteins. The emerging picture of interplay between the SNARE regulatory proteins may explain why neurotransmitter release is so fast and furious.
The Core Fusion Machinery All membrane fusion events of the secretory pathways in eukaryotic cells involve the formation of a helical coiledcoil complex assembled from membrane-anchored proteins known as SNAREs (for a recent comprehensive review see Jahn and Scheller, 2006) . The SNARE proteins responsible for synaptic vesicle fusion are Syntaxin 1 and synaptosome associated protein of 25 kDa (SNAP-25) on the presynaptic plasma membrane, and Synaptobrevin 2 on the vesicular membrane. The fact that these proteins play an essential role in synaptic vesicle fusion was first recognized in a series of studies showing that all three synaptic SNAREs are substrates of highly specific bacterial zinc proteases of the tetanus and botulinum neurotoxin families, which block transmitter release in nerve cells (Jahn and Niemann, 1994; Montecucco and Schiavo, 1993) . In parallel, Sollner et al. (1993) discovered that a trimeric complex consisting of Syntaxin 1, SNAP-25, and Synaptobrevin 2 binds to a complex of the ATPase N-ethylmaleimide-sensitive factor (NSF) and soluble NSF attachment proteins (SNAPs), which had previously been identified as essential regulators of vesicular transport in the Golgi apparatus. The name SNARE was coined to indicate this SNAP binding activity (Sollner et al., 1993) . The synaptic SNAREs associate to form a complex that contains a bundle of four parallel helices formed by the respective SNARE motifs (Poirier et al., 1998; Sutton et al., 1998) . Syntaxin 1 and Synaptobrevin 2 are integral membrane proteins that each contribute one SNARE motif to the SNARE coiled-coil, while SNAP-25, which is anchored in the plasma membrane by palmitoylation, contributes two. Self-assembly of the extremely stable trans-SNARE complex between the vesicle and plasma membranes is thought to contribute the driving force behind lipid bilayer fusion (Jahn and Scheller, 2006) , and repeated cycles of fusion require the disassembly of the coiledcoiled SNARE complex by NSF and SNAPs (Hayashi et al., 1995) . The synaptic SNARE complex is the prototype of eukaryotic membrane fusion machines. Other intracellular fusion reactions depend on other SNARE proteins, but these operate by the same principles that were initially discovered for synaptic SNAREs (Jahn and Scheller, 2006) .
Somewhat surprisingly, in view of the postulated essential role of synaptic SNAREs in transmitter release, information gained from genetic deletion studies showed that a strict requirement for the neuronal SNAREs SNAP-25 and Synaptobrevin 2 exists only for the rapid vesicle fusion response of action-potential-evoked neurotransmitter release. Residual spontaneous neurotransmitter release persists in the absence of the vesicular SNARE Synaptobrevin 2 (Deitcher et al., 1998; Schoch et al., 2001; Sweeney et al., 1995) and is even increased when SNAP-25 is deleted (Washbourne et al., 2002) . This remaining release in the absence of key synaptic SNAREs is likely to be due to partial compensation by other SNARE isoforms, such as Cellubrevin and SNAP-23, which can interact with synaptic SNAREs (Bhattacharya et al., 2002; McMahon et al., 1993; Sorensen et al., 2003) .
Zippering and Clamping the SNARE Complex As mentioned above, the self-assembly of the extremely stable trans-SNARE complex between the vesicle and plasma membranes is thought to be the driving force behind lipid bilayer fusion. However, fusion of phospholipid bilayer vesicles reconstituted with only SNARE proteins is rather slow. Initial studies indicated that in vitro fusion of vesicles containing SNAP-25 and Syntaxin 1 with vesicles containing Synaptobrevin 2 requires hours without reaching saturation (Weber et al., 1998) . In contrast, synaptic vesicle fusion occurs on a submillisecond timescale at physiological temperatures (Sabatini and Regehr, 1996) .
In support of the molecular model of SNARE-complexdriven membrane fusion, a recent study demonstrates that the speed and efficiency of SNARE-mediated fusion in vitro can be increased dramatically. If a Syntaxin 1/ SNAP-25 heterodimer (Fasshauer and Margittai, 2004 ) is stabilized by a C-terminal Synaptobrevin 2 fragment, the subsequent zippering of the SNARE complex with fulllength Synaptobrevin 2 occurs within ms (Pobbati et al., 2006) . Although this experimental stabilization of the Syntaxin 1/SNAP-25 heterodimer with Synaptobrevin 2 is artificial, it nonetheless shows that SNAREs are inherently able to mediate fusion at much faster rates than previously appreciated. In vivo, an as of yet unknown mechanism or protein may stabilize Syntaxin 1/SNAP-25 heterodimers to facilitate high-speed excitation-secretion coupling at synapses (Figure 1) . SNARE assembly is thought to proceed in an N-to Cterminal zippering reaction (Fiebig et al., 1999) , and the study by Pobbati et al. (2006) and mutational analysis of SNAP-25 ) support a nucleation model in which the N-terminal half of the SNARE complex folds first and independently of the C-terminal half (Figure 1) . SNARE zippering may thus be a process that can proceed ''part of the way,'' as was previously suggested (Chen et al., 2001; Melia et al., 2002) , but the question remains as to whether full zippering occurs before or after Ca 2+ influx. Three recent papers indicate that fully assembled SNARE complexes ''clamped'' by Complexins are the substrate for fast, Ca 2+ -triggered release, although the authors come to slightly different conclusions about the nature of the clamp. Complexins are small proteins that bind tightly to fully assembled SNARE complexes in a 1:1 stoichiometry (Figure 1 ). Giraudo and colleagues, working with a whole-cell fusion assay that uses cells expressing ''flipped'' SNAREs, where SNARE motifs are presented on the cell surface, show that addition of soluble and particularly membrane-anchored Complexin 1 blocks fusion of these cells (Giraudo et al., 2006) . The block is reversed by Ca 2+ in the presence of Synaptotagmin 1, an integral membrane protein of synaptic vesicles with two tandem C2 domains (Bai and Chapman, 2004; Nalefski and Falke, 1996) that is widely assumed to be the main Ca 2+ sensor of fast neurotransmission (see next section). Assessing SNARE-mediated fusion of reconstituted liposomes, Schaub et al. (2006) also find that addition of either Drosophila Complexin or mouse Complexin 4 inhibits the (E) Binding of Ca 2+ to the C2A and C2B domains of Synaptotagmin 1 (Syt1) may displace Complexin form the SNARE complex. Deformation of the membranes induced by partial insertion of the Syt1 C2 domains into the phospholipid layers and induced by electrostatic changes in the C2B domain, which can interact simultaneously with the vesicular and the plasma membrane, may be an important factor in (F) triggering membrane fusion. fusion reaction. The fusion block is relieved by Ca 2+ together with Synaptotagmin 1 (Schaub et al., 2006) . Their analysis of inner and outer leaflet lipid mixing indicates that Complexins arrest fusion in a hemifusion state, where the outer, but not the inner, leaflets of the two lipid bilayers have fused. In both cases the authors argue for a clamping model in which Complexins inhibit SNARE-mediated fusion. An inhibitory role for Complexins in vesicle fusion is also supported by the results of overexpression experiments in chromaffin and PC12 cells (Archer et al., 2002; Itakura et al., 1999) . However, the genetic deletion of Complexins 1 and 2 does not enhance vesicle fusion but selectively reduces the synchronous component of release (Reim et al., 2001 ). This deficit in release can be overcome with an elevation of the Ca 2+ concentration (Reim et al., 2001) or re-expression of Complexins (Reim et al., 2005 -dependent manner ( Figure 1 ) and a Synaptobrevin-Complexin fusion protein can selectively impair the fast component of Ca
2+
-triggered exocytosis . These authors propose a model in which Complexins clamp the SNARE complex in a metastable conformation with high probability of immediate fusion in response to the Ca 2+ trigger. According to their model, the fast, synchronous component of release is Complexin dependent, whereas the slower, asynchronous component is not. In vivo, the conformation of the Complexin SNARE clamp may be modified by additional interaction partners to hold the fusion machinery in a conformation that is optimal for an immediate response to the Ca 2+ signal. In summary, recent data on SNARE complex zippering in vitro indicate that SNARE assembly can proceed at much faster rates than previously thought if Syntaxin 1/ SNAP-25 heterodimers are stabilized, kept from reacting with a second Syntaxin 1, and thereby made available for Synaptobrevin 2 binding. Whether such a stabilization of Syntaxin 1/SNAP-25 heterodimers also occurs in vivo, and which molecules may be involved in such a process, is currently unknown, although Unc-18/Munc18-1 and Unc-13/Munc13 are possible candidates (see below). If it does occur in vivo, the formation and stabilization of Syntaxin 1/SNAP-25 heterodimers is likely to take place during vesicle priming and be followed by SNARE complex assembly prior to the Ca 2+ -dependent initiation of fusion (Figure 1) . Synaptotagmins constitute a large protein family with multiple members present in all eukaryotic genomes sequenced to date (Craxton, 2004) . They share an N-terminal transmembrane domain, followed by a linker region and two C-terminal C2 domains that are referred to as C2A and C2B (Bai and Chapman, 2004; Sudhof, 2002) . The synaptic vesicle protein Synaptotagmin 1 is the bestcharacterized member of this protein family. Its C2A and C2B domains complex Ca 2+ ions and interact with phospholipid membranes in a Ca 2+ -dependent manner (Bai and Chapman, 2004; Brose et al., 1992; Perin et al., 1990) . Studies in Drosophila and mouse have shown that Synaptotagmin 1 functions as the Ca 2+ sensor in regulated exocytosis, and the highly homologous mammalian Synaptotagmin 2 (Geppert et al., 1991) appears to perform an analogous function (Pang et al., 2006) . Genetic deletion of Synaptotagmin 1 in flies and mice severely impairs the fast component of evoked neurotransmitter release that occurs in synchrony with the peak of presynaptic Ca 2+ influx (Broadie et al., 1994; Geppert et al., 1994; Littleton et al., 1993; Loewen et al., 2001; Nishiki and Augustine, 2004; Yoshihara and Littleton, 2002) . In addition to phospholipid membranes, Synaptotagmin 1 also binds SNARE complexes in a partly Ca
-dependent manner, and the kinetics of these interactions, as well as the Ca 2+ concentration required, are within the physiological range of synaptic vesicle release Tang et al., 2006) . Furthermore, the lipid composition affects the sensitivity of Synaptotagmin 1/SNARE-mediated vesicle fusion (Tucker et al., 2004) , underscoring the importance of both SNARE binding and phospholipid binding for Synaptotagmin function. As indicated above, the release of Complexin from SNARE complexes by Ca 2+ /Synaptotagmin 1 probably does not correspond to the mere removal of a negative factor. In fact, Ca 2+ -bound Synaptotagmin 1 may have a role as a direct mediator of lipid bilayer fusion. Arac and colleagues recently showed that the C2B domain of Synaptotagmin 1, whose ability to bind Ca 2+ is essential for the role of Synaptotagmin in neurotransmitter release (Mackler et al., 2002) , has multiple phospholipid binding sites, including a polybasic stretch, and hence may bind two opposing lipid bilayers simultaneously (Figure 1) . A purified C2B domain alone clusters phospholipid vesicles in a Ca 2+ -dependent manner, bringing them into close proximity (4 nm, which corresponds to the size rage of the C2B domain). These findings place the C2B domain in a position where the highly positive electrostatic potential of the Ca 2+ -bound domain may be sufficient to induce local membrane bending through interaction with the negatively charged phospholipid head groups, which could induce or control fusion pore formation. Arac et al. (2006) favor a model in which the C2B domains of several Synaptotagmin 1 molecules lie at the center of an assembly of several SNARE complexes, which could be arranged in a ring-like fashion. The notion that the Ca 2+ -dependent membrane binding of Synaptotagmin 1 may indeed contribute significantly to synaptic vesicle fusion, and may do so by bending phospholipid bilayers, is supported by the recent finding that Synaptotagmin 1 and other proteins with multiple C2 domains can induce strong positive curvature in lipid membranes upon C2 domain membrane insertion (Martens et al., 2007) . These findings led to the conclusion that Synaptotagmin 1 contributes to Ca 2+ -dependent synaptic vesicle fusion by local arching or buckling of the plasma membrane. According to this model, the two C2 domains of Synaptotagmin 1, which may be closely associated via proteinaceous interactions with a ring of trans-SNARE complexes at the future fusion site (Figure 1 shows only two SNARE complexes, but several such SNARE complexes may be ordered in a ring-like fashion at the fusion site), penetrate the plasma membrane upon Ca 2+ binding (Bai et al., 2004a; Herrick et al., 2006; Hui et al., 2006) and thus cause a positive membrane curvature under the SNARE complex ring. This process would then cause buckling of the plasma membrane within the SNARE complex ring, induce curvature stress at this site, and thus reduce the energy barrier that would otherwise prevent membrane fusion. In the models proposed by Arac et al. (2006) and Martens et al. (2007) , Ca 2+ /Synaptotagmin stimulate fusion after SNARE complex assembly, which is also compatible with a simultaneous function in releasing Complexin. In contrast, Bhalla and colleagues present evidence to support a role of Synaptotagmin 1 in SNARE complex assembly (Bhalla et al., 2006) . The ability of Synaptotagmin 1 to bind to Syntaxin 1 and SNAP-25 in both a Ca 2+ -dependent and Ca 2+ -independent manner (Chapman et al., 1995; Kee and Scheller, 1996; Li et al., 1995; Rickman and Davletov, 2003) had previously been proposed to play a critical role in Ca 2+ -triggered exocytosis of LDCVs in neuroendocrine cells (Bai et al., 2004b; Zhang et al., 2002 (Broadie et al., 1994; Geppert et al., 1994; Littleton et al., 1993; Loewen et al., 2001; Nishiki and Augustine, 2004; Yoshihara and Littleton, 2002) , and the Ca 2+ -stimulated Synaptotagmin/SNARE interaction appears to be dispensable for mediating the fast release component (Shin et al., 2003 ). An effect of Ca 2+ /Synaptotagmin 1 on SNARE complex assembly might thus be expected to play a role in the Ca 2+ -stimulated replenishment of the pool of releasable vesicles (Sara et al., 2002; Wang and Kaczmarek, 1998) , but there is no evidence to suggest a deficit in vesicle pool refilling rates upon functional perturbation or in the absence of Synaptotagmins. Surprisingly, in Drosophila mutants lacking Synaptotagmin, vesicle docking defects have been described (Reist et al., 1998) . Although this is consistent with a role for Synaptotagmin prior to SNARE assembly, an auxiliary role for Synaptotagmin in docking is more likely to be based on the constitutive, Ca 2+ -independent Synaptotagmin/SNARE interaction (Rickman et al., 2006) . In summary, Synaptotagmin 1 is the Ca 2+ sensor of synchronous synaptic exocytosis (Sudhof, 2004) . It most likely acts after SNARE complex assembly by interacting with SNARE complexes and the apposed vesicle and plasma membranes in a Ca 2+ -dependent manner . This activates the metastable SNARE/Complexin complex and perturbs or bends the lipid bilayers, thereby triggering fusion (Figure 1 ).
Are Docking, Priming, and SNARE Assembly Distinct Molecular Events? As mentioned in the introductory paragraph, descriptions of the molecular processes that render vesicles fusion competent often distinguish between the steps of vesicle docking and vesicle priming. Regulatory proteins have thus been classified as either docking or priming factors, in particular Unc-18/Munc18 (docking) and Unc-13/ Munc13 (priming). The molecular details of docking and priming reactions, however, and how they may functionally or temporally be related to SNARE zippering, have remained enigmatic. In the following paragraphs we review recent evidence that indicates that vesicle docking and priming are not separate steps preceding or following SNARE assembly, but are in fact regulatory processes necessary for SNARE complex assembly and for controlling where it occurs.
Unc-18/Munc18
The molecular constituents of the SNARE core fusion complex are not the only essential components of the synaptic vesicle release machinery. Indeed, complete silencing of central mammalian synapses results if members of the Unc-13/Munc13 protein family or the structurally unrelated protein Munc18-1 are inactivated genetically (Varoqueaux et al., 2002; Verhage et al., 2000) . Both unc-13 and unc-18 were initially identified genetically as uncoordinated/paralyzed mutants in a C. elegans screen (Brenner, 1974) . Munc18-1 is the mammalian neuronal member of a small protein family known as Sec1/Munc18 (SM) proteins that also includes several homologs in yeast (Aalto et al., 1992) . SM proteins are essential factors in cellular vesicle trafficking and fusion. Most have a high affinity for individual Syntaxin isoforms, and are thus thought to confer specificity to the diverse SNARE-dependent membrane fusion events occurring within a cell. They show a perplexing diversity of Syntaxin binding modes, including (1) binding to a ''closed'' conformation of Syntaxin in which the N-terminal Habc triple helix folds back upon the SNARE motif, (2) binding to assembled SNARE complexes, and (3) binding to a peptide sequence at the very N terminus of syntaxin (reviewed by Gallwitz and Jahn, 2003; Toonen and Verhage, 2003) . The apparent heterogeneity in the binding modes of SM proteins has complicated the elucidation of their precise role in membrane fusion. In particular, the high affinity of Munc18-1 for the ''closed'' conformation of Syntaxin (Dulubova et al., 1999; Misura et al., 2000; Yang et al., 2000) , which is incompatible with SNARE complex assembly, has been difficult to reconcile with the fact that genetic deletion of Munc18-1, as well as Munc18-1 overexpression in adrenal gland chromaffin cells, strongly suggests a positive role for Munc18-1 in neurotransmitter release (Verhage et al., 2000; Voets et al., 2001) . Adding further complexity to the analysis of SM protein function, several other overexpression studies indicated a negative instead of a positive regulatory function for Munc18-1 paralogs and its Drosophila ortholog ROP (for review see Toonen and Verhage, 2003) . Zilly and colleagues have now shown that in a native membrane preparation, Munc18-1 can be displaced from Syntaxin 1 by the addition of Synaptobrevin 2, but only if SNAP-25 is also present (Zilly et al., 2006) . The authors suggest that in the context of the membrane, Munc18-1 binds and perhaps stabilizes Syntaxin 1 in a partially open conformation that is capable of heterodimer formation with SNAP-25. Since SNAP-25 is required for the displacement of Munc18-1 by Synaptobrevin 2, Munc18-1 may thus function in the formation, stabilization, or both of a Syntaxin 1/SNAP-25 acceptor platform for the vesicular Synaptobrevin 2 (Figure 2) .
In another paper that sheds new light on the role of Munc18-1 in SNARE-mediated fusion, Shen and colleagues suggest that a primary binding target of Munc18-1 may be the assembled SNARE complex (Shen et al., 2007) . Using a liposome fusion assay, the authors show that preincubation of Munc18-1 with a mixture of Syntaxin 1/SNAP-25 and Synaptobrevin 2 liposomes stimulates fusion. This Munc18-1-dependent acceleration of liposome fusion is specific for the synaptic/exocytotic SNARE proteins Syntaxin 1, SNAP-25, and Synaptobrevin 2 and 3, and is abolished by mutating either membraneproximal residues of the Synaptobrevin 2 SNARE domain or the very N terminus of Syntaxin 1. An interaction with the N-terminal peptide of their target SNARE protein has been shown for both mammalian and yeast SM proteins involved in intracellular membrane traffic (Bracher and Weissenhorn, 2002; Dulubova et al., 2002; Yamaguchi et al., 2002) . In yeast, this binding mode does not seem to be essential (Carpp et al., 2006; Peng and Gallwitz, 2004) , and the yeast exocytotic SM protein, Sec1p, appears to rely on binding to fully assembled SNARE complexes without binding to the Syntaxin N terminus (Carr et al., 1999; Togneri et al., 2006) . Shen and colleagues propose that Munc18-1 simultaneously binds to the N-terminal Syntaxin peptide and the assembled SNARE complex to stimulate fusion (Figure 2 ). This dual mode of binding is also supported by nuclear magnetic resonance spectroscopic data (Dulubova et al., 2007) . Shen et al. (2007) suggest that the well-known binding mode of Munc18-1 to the monomeric ''closed'' formation of Syntaxin 1 corresponds to an additional synaptic function of Munc18-1. However, the data presented by Zilly et al. (2006) imply that in native membranes, the majority of Syntaxin-1-bound Munc18-1 is part of a complex that is compatible with SNARE assembly. Nonetheless, Munc18-1 may have a role in stabilizing Syntaxin 1 in the cell, since Syntaxin 1 levels are reduced in the absence of Munc18-1 (Dulubova et al., 1999; Toonen et al., 2005; Voets et al., 2001; Weimer et al., 2003) .
The role of Munc18-1 in neurotransmitter release had previously been considered to be that of a docking factor acting prior to SNARE assembly because the number of membrane-proximal LDCVs is drastically reduced in chromaffin cells taken from the adrenal glands of Munc18-1-deficient mice (Voets et al., 2001) . Similarly, docking of synaptic vesicles at the C. elegans neuromuscular junction is impaired in the absence of Unc-18, although neurotransmitter release is not completely eliminated (Weimer et al., 2003) ; however, in the mammalian Munc18-1-deficient central synapses, no docking defect was apparent, even though the synapses do not release neurotransmitter (Verhage et al., 2000) . Toonen et al. (2006) suggest that the docking defect observed in Munc18-1-deficient chromaffin cells is due to an effect of Munc18-1 on the actin cytoskeleton and distinct from its more direct role in vesicle fusion. In Munc18-1 knockout chromaffin cells, the submembranous actin cortex is thicker than that in wild-type cells and becomes thinner and more fenestrated with Munc18-1 overexpression. (A) Munc18-1 binds Syntaxin 1 in a closed conformation that is incompatible with SNARE complex formation, but (B) in the presence of SNAP-25, Munc18-1 does not prevent SNARE complex formation and may in fact function in setting up a Syntaxin 1/SNAP-25 heterodimer. Whether Munc18-1 (C) catalyzes SNARE zippering and membrane fusion by simultaneously binding to the SNARE core complex and the N terminus of Syntaxin 1 (D) or whether Munc18-1 is displaced from the SNARE complex upon SNARE zippering and is not involved in the subsequent steps that lead to vesicle fusion (outlined in Figure 1 ) remains to be determined.
Actin depolymerization by latrunculin A treatment rescues the morphological docking defect of the Munc18-1 knockout chromaffin cells, but not the secretion deficit. The authors propose that Munc18-1 regulates the actin cytoskeleton and additionally produces a high-affinity tethered state of vesicles that is necessary for fusion . Taken together with the data presented by Zilly et al. (2006) , Shen et al. (2007) , and Dulubova et al. (2007) , the generation of this high-affinity tethered state is most likely due to an activating function of Munc18-1 in SNARE complex assembly. Thus, docking of vesicles at the membrane and SNARE complex assembly may be one and the same, which is supported by the finding that cleavage of Syntaxin by Botulinium neurotoxin serotype C (BoNT/C) also results in a docking defect in chromaffin cells . One of the questions that remains is why no docking defect was observed in mammalian central synapses in the absence of Munc18-1 or after Syntaxin cleavage Verhage et al., 2000) . Potentially, localization of synaptic vesicles at the membrane of the active zone is controlled in a redundant manner by several proteins that are part of the highly specialized active zone cytomatrix (e.g., Munc13s/aRIMs; see below).
In summary, the interaction of Munc18-1 with Syntaxin 1 is compatible with SNARE complex assembly. At least in chromaffin cells, Munc18-1 has a function in regulating the actin cytoskeleton. This role that Munc18-1 seems to play in the arrangement of the submembraneous cytoskeleton is probably independent of an additional essential role of Munc18-1 in regulating the correct assembly of a fusion-competent SNARE complex. Establishing whether Unc-18/Munc18-1 functions to set up a Syntaxin 1/SNAP-25 heterodimer and is displaced upon SNARE complex assembly (Zilly et al., 2006) or whether Unc-18/ Munc18-1 stimulates fusion by binding the fully assembled SNARE complex (Shen et al., 2007) will require further investigation. Zilly et al. (2006) were working with native membranes but added isolated Synaptobrevin 2 to displace Munc18-1, whereas the study by Shen et al. (2007) employed reconstituted liposomes whose fusion is rather slow. Thus, neither experimental system entirely reflects what occurs when synaptic vesicles fuse in vivo, where both modes of action could be relevant for fast fusion. A model in which Munc18-1 acts to set up a Syntaxin 1/ SNAP-25 docking platform ready for full SNARE zippering with the vesicular Synaptobrevin 2 (Figure 2 ) could accommodate auxiliary functions of other proteins with an affinity for Syntaxin 1 or SNAP-25, such as Synaptotagmin 1 or Rabphilin, which have both been implicated in docking or SNARE complex assembly (Reist et al., 1998; Tsuboi and Fukuda, 2005) . Unc-13/Munc13, Tomosyn, and Rabphilin Like Munc18-1-deficient synapses, mammalian central synapses that lack all isoforms of the active zone protein Munc13 are completely silent (Augustin et al., 1999; Varoqueaux et al., 2002) . Likewise, the strongest unc-13 mutant alleles in C. elegans also cause a complete block of spontaneous and evoked transmitter release (Richmond et al., 1999) . Unc-13 and Munc13-1, -2, and -3 share a conserved C-terminal region with a diacylglycerol binding C1 domain and two C2 domains flanking two Munc13 homologoy domains, whereas the N termini are more variable (Koch et al., 2000) . They were termed priming proteins (Augustin et al., 1999; Richmond et al., 1999) because the initial analysis of Unc-13/Munc13-deficient neurons revealed a complete and selective loss of readily releasable vesicles but no reduction in the number of docked vesicles (Augustin et al., 1999) . In fact, docking was shown to be increased in Drosophila (Aravamudan et al., 1999) , and flies and worms without Unc-13 apparently accumulate vesicles in their neuromuscular synapses (Aravamudan et al., 1999; Richmond et al., 1999) . Indeed, the phenotype of Unc-13/Munc13-deficient mutants was interpreted to support the notion of a priming process that operates independently of, and subsequent to, vesicle docking.
Based on a key advance in methodology, two recent papers now indicate that the distinction of docking and priming as functionally separate phases of synaptic vesicle exocytosis may be wrong. Using high-pressure freezing and freeze substitution for electron microscopy, which minimizes fixation artifacts, the corresponding studies show a strong reduction in the number of vesicles in contact with the active zone plasma membrane in C. elegans unc-13 mutants Weimer et al., 2006) . This phenotype, which had obviously been masked in previous studies involving conventional fixation procedures, indicates that the functionally defined priming role of Unc-13/Munc13s in determining the pool of readily releasable vesicles at synapses correlates tightly with their morphologically defined role in docking vesicles at the active zone plasma membrane. Morphological docking and functional priming of vesicles may thus be different readouts of closely related molecular and cell-biological processes.
The ability of Unc-13/Munc13s to bind Syntaxin (Betz et al., 1997) appears to be necessary for the function of Unc-13/Munc13 proteins (Madison et al., 2005; Stevens et al., 2005 ), yet purified Munc13 does not interact with purified Syntaxin in solution (Basu et al., 2005) , possibly because additional factors or proteins are required for binding. The functional role of Unc-13/Munc13s was thought to lie in opening Syntaxin, since an ''open'' form of Syntaxin can partially rescue the release deficit seen in unc-13 mutants, but the rescue falls short of restoring mobility to the paralyzed unc-13 worms ). Remarkably, crossing tomosyn-1 deletion mutants with unc-13 mutants results in a significant recovery of mobility with further improvement if triple mutants of tomosyn-1, unc-13, and open-Syntaxin are generated (McEwen et al., 2006) . Furthermore, the docking defect of Unc-13-deficient worms is partially rescued in unc-13/tomosyn-1 double mutants, whereas tomosyn-1 single deletion mutants have more docked vesicles than wild-type worms . These findings strongly support the notion of docking and priming being closely related, and indicate a complex interplay between Unc-13/Munc13s and Tomosyn in SNARE complex assembly.
Tomosyn was originally identified as a Syntaxin 1 binding protein (Fujita et al., 1998) , and mammals express several splice variants derived from two genes (Groffen et al., 2005) . The protein structure includes a SNARE motif at the C terminus and a large N-terminal domain with seven WD40 repeats (Groffen et al., 2005) . The C-terminal SNARE domain of Tomosyn forms a SNARE-like complex with Syntaxin 1 and SNAP-25, from which it cannot be displaced by Synaptobrevin 2 (Pobbati et al., 2004) . Hence, the Tomosyn-SNARE would preclude SNARE-mediated association of vesicles with their target membrane, which is compatible with the increase in vesicle docking and neurotransmitter release found in the absence of Tomosyn-1 McEwen et al., 2006) , and compatible with the reduction of the readily releasable vesicle pool in chromaffin cells after overexpression of Tomosyn-1 (Yizhar et al., 2004) .
The fact that removing Tomosyn-1 rescues the block of vesicular release produced by the absence of Unc-13 is compatible with two possible modes of action. Unc-13/ Munc13s could either prevent the formation of Tomosyn/ Syntaxin/SNAP-25 complexes, e.g., by promoting the association of Syntaxin/SNAP-25 heterodimers and their specific association with vesicular Synaptobrevin, or resolve the Tomosyn/Syntaxin/SNAP-25 complex, thus freeing Syntaxin/SNAP-25 heterodimers to form fusion-competent SNARE complexes with Synaptobrevin (Figure 3) . In both models, SNARE zippering would be considered part of the docking process, and the priming and docking functions of Unc-13 would be one and the same in allowing SNARE assembly.
However, unless the Tomosyn concentration at synapses is sufficient for the sequestration of all available Syntaxin/SNAP-25 heterodimers, this model is not entirely compatible with the robustness of the block of vesicle fusion in the absence of Unc-13/Munc13s. In mouse brain, the combined expression of Tomosyn-1 and -2 is less widespread than that of other essential regulators of vesicle fusion (Groffen et al., 2005) , making it appear unlikely that Tomosyns function as universal inhibitors of vesicle fusion at the active zone of all mammalian synapses. Furthermore, in cultured superior cervical ganglion neurons, both overexpression of Tomosyn and Tomosyn depletion by RNA interference negatively affect neurotransmitter release (Baba et al., 2005) . This indicates that the precise regulation of Tomosyn levels may be critical for efficient control of vesicular release. The same study by Baba et al. (2005) shows that the interaction of Tomosyn with Syntaxin 1 is negatively regulated by protein kinase A (PKA) phosphorylation of Tomosyn. Thus, in vivo, the competition between formation of the nonproductive Tomosyn/Syntaxin 1/SNAP-25 complex and the fusioncompetent Synaptobrevin/Syntaxin 1/SNAP-25 complex may be controlled by multiple regulatory processes. In this context it may also be important to consider that full-length Tomosyn, which contains a large N terminus of unknown function, may be displaced from the Syntaxin 1/SNAP-25 heterodimer more easily than the Tomosyn SNARE motif used in isolation by Pobbati et al. (2006) . Similar to Tomosyns, Rabphilin, which binds the small GTPases Rab3 and Rab27 via its N terminus (Fukuda, 2006; Fukuda and Yamamoto, 2005) and interacts with Ca 2+ /phospholipids via its C-terminal tandem C2 domains (Oishi et al., 1996) , may also act as a regulator of SNARE function, possibly by binding to SNAP-25 (Deak et al., 2006; Tsuboi and Fukuda, 2005) . Deletion of Rabphilin accelerates the recovery of releasable vesicle pools after depletion and partly rescues the phenotypic changes seen in Synaptobrevin-2-deficient cells (Deak et al., 2006) .
Taken together, these data support a model according to which the rate of docking/priming/SNARE assembly at synapses is set by the relative expression levels of Munc13s and Tomosyns and also possibly other SNARE binding proteins such as Rabphilin, and by the rate of spontaneous docking/priming/SNARE assembly, which in turn may depend on the type of SNARE proteins involved. Thus, for both Unc-18/Munc18-1 and Unc-13/ Munc13s, their essential role in vesicle fusion seems to lie in regulating SNARE complex assembly. It remains to be established whether or not there is any direct functional interdependence between their respective modes of action. Intriguingly, two pathways of diacylglycerol-dependent synaptic potentiation, namely via phosphorylation of Munc18-1 by protein kinase C and diacylglycerol binding to Munc13s, were recently shown to converge (Wierda et al., 2007) , further supporting the notion of a functional interplay between these two types of proteins. Unc-13/Munc13, RIM, and Rab3 Unc-13 is not the only component of the fusion machinery whose genetic deletion causes a vesicle docking defect in C. elegans. Like Unc-13, both Rab3, a member of the Ras GTPase superfamily (Schimmoller et al., 1998) , and the Rab3-interacting molecule RIM (Unc-10) (Koushika et al., 2001; Wang et al., 1997) appear to target vesicles to the dense projection of C. elegans synapses (Nonet et al., 1997; Weimer et al., 2006) , which is nicely compatible with the fact that active zone proteins RIM and Munc13 and the vesicle-associated Rab3A can form a tripartite complex (Figure 3) .
In mice, both RIM1a and Rab3A are indispensable for a PKA-dependent presynaptic form of long-term potentiation (LTP) (Castillo et al., 1997 . Rab3A is not a PKA target, but phosphorylation of RIM1a by PKA may mediate the development of LTP in cerebellar parallel fiber synapses (Lonart et al., 2003) . The domain structure of RIM includes several modules involved in protein-protein interactions, including an N-terminal zinc finger, a central PDZ domain, and two C2 domains (Wang et al., 1997) . RIM1a interacts with multiple components of both the active zone and the release machinery (Coppola et al., 2001; Schoch et al., 2002; Takao-Rikitsu et al., 2004) and is involved in targeting Munc13s to the active zone (Andrews-Zwilling et al., 2006) . The latter finding indicates that phenotypes observed in the absence of RIM1a Schoch et al., 2002) could in part be due to loss of Munc13s from the active zone. The aRIM/Munc13 interaction does in fact seem to be required for efficient neurotransmitter release, since RIM1a-deficient and unc-10 mutant neurons, as well as neurons expressing RIM-binding-deficient Munc13-1 variants, have release deficits caused by a reduction in the number of fusioncompetent vesicles (Betz et al., 2001; Calakos et al., 2004; Koushika et al., 2001) . The specific targeting of the essential priming/docking proteins of the Munc13 family to active zones by RIMs and functionally related proteins is likely to be a key determinant of the active zone specificity of synaptic transmitter release. In addition, the Munc13/ RIM/Rab3 complex could also provide a physical link between vesicles and the active zone Nonet et al., 1997; Weimer et al., 2006) (Figure 3) . However, Munc13s are the only essential components of this complex with respect to vesicle fusion and must therefore have a function that does not depend on either RIM or Rab3.
Genetic deletion of individual Rab3s has only mild phenotypic consequences in mice; the deletion of all four isoforms is lethal, but does not abolish neurotransmitter release entirely (Schluter et al., 2004) . Rab3s were proposed to function in synaptic plasticity as modifiers of fusion-competent vesicles by increasing the apparent Ca 2+ sensitivity of release (Schluter et al., 2006) . The authors termed this process ''superpriming,'' and the same terminology was also used by Tang et al. (2006) to describe the action of Complexin in promoting fast fusion. Mechanistically, the two processes are probably distinct. Evidence from the calyx of Held, a large glutamatergic terminal, indicates that fusion can be triggered at different occupancy states of the Ca 2+ sensor . According to the model proposed by Lou et al. (2005) , the entire fusion machinery controls the ''willingness'' of a vesicle to fuse at a given Ca 2+ concentration (i.e., occupancy rate of the Ca 2+ sensor). Hence, the likelihood that a given vesicle will fuse would depend on the combined effects of the state of its fusion machinery and its proximity to the site of Ca 2+ influx (Schneggenburger and Neher, 2005) . A physical link between the release machinery and Ca 2+ channels could be provided by RIM (Coppola et al., 2001; Hibino et al., 2002; Kiyonaka et al., 2007) . In addition, RIM1 appears to associate with the b subunit of voltagegated Ca 2+ channels to suppress their voltage-dependent inactivation (Kiyonaka et al., 2007) . Thus, the Munc13/ RIM/Rab3 complex may be a candidate for fine control of the site of docking, i.e., its relative position to the site of Ca 2+ entry, and regulation of Ca 2+ channel inactivation kinetics. Superpriming via Complexin, on the other hand, is likely to be a direct effect on the SNARE complex. Although a direct effect of the Munc13/RIM/Rab3 complex on the ''readiness'' of the fusion machinery to respond to the Ca 2+ signal cannot be excluded, the rather specific docking defect near the dense projection described for both RIM and Rab3 C. elegans mutants (Nonet et al., 1997; Weimer et al., 2006) indicates that an effect on the site of docking is something to keep in mind when assessing the function of fusion machinery components that influence the apparent Ca 2+ sensitivity or probability of release.
Summary
A series of recent studies has provided detailed insights into regulatory processes that are responsible for the speed, spatial and temporal accuracy, and adjustability of transmitter release at synapses. The speed of synaptic excitation secretion coupling seems to be brought about by a series of unique features of the synaptic secretory machinery, most of which are evolutionary acquisitions that evolved in parallel with nervous systems. These include (1) the ability of synaptic SNARE complexes to arrest in a metastable, highly fusogenic state under the control of regulatory proteins such as Complexins; (2) the presence of active zone proteins like Munc13, which regulate fusogenic SNARE complex assembly in concert with other regulators such as Tomosyn and Rabphilin and thus guarantee a tight control of the number of fusion-competent vesicles at active zones; and (3) the presence of the Ca 2+ /phospholipid binding sensor protein Synaptotagmin, which acts upon the Complexin-bound metastable SNARE complex in response to Ca 2+ and thus triggers fast fusion. Furthermore, the Munc18-1/Syntaxin 1 interaction is not only compatible with SNARE complex formation, but most likely essential for it. Munc18-1 paralogs and orthologs (SM proteins) have a general role in cellular SNARE-mediated fusion events, and the relative specificity of the SM protein/Syntaxin complex interaction, the SM protein/SNARE complex interaction, or both probably contributes to the effective pairing of the correct SNARE partners. Of course, several other factors and processes that have not been discussed in detail here, such as proteinaceous links between Ca 2+ channels and the release machinery or the enzymatic modification of phospholipids at the release site, contribute to the speed of excitation secretion coupling at synapses. The spatial selectivity of synaptic transmitter release, i.e., its restriction to active zones of neurons, is most likely caused by the selective targeting of essential regulators such as Munc13s to active zones. Mechanisms that determine the dynamic adjustability of these processes without undesirably affecting their reliability and speed are only beginning to emerge and will most likely be the focus of future studies. They appear to involve both protein-protein interactions and multiple intracellular signaling and second messenger pathways, and they regulate dynamic features of synapses such as short-term and long-term synaptic plasticity.
